A series of 6-minute microgravity combustion experiments of opposed flow flame spread over thermally-thick PMMA has been conducted to extend data previously reported at high opposed flows to almost two decades lower in flow. The effect of flow velocity on flame spread shows a square root power law dependence rather than the linear dependence predicted by thermal theory. The experiments demonstrate that opposed flow flame spread is viable to very low velocities and more robust than expected from the numerical model, which predicts that at very low velocities (4 c d s ) , flame spread rates fall off more rapidly as flow is reduced. It is hypothesized that the enhanced flame spread observed in the experiments may be due to threedimensional hydrodynamic effects, which are not included in the zero-gravity, two-dimensional hydrodynamic model. model predicted over the 0-2 W/cm2 range. In the experiments, the flame compensated for the increased irradiation by stabilizing farther from the surface. A surface energy balance reveals that the imposed flux was at least partially offset by a reduced conductive flux from the increased standoff distance, so that the effect on flame spread was weaker than anticipated.
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Introduction
With few exceptions, research on microgravity flame spread over solid materials has been focused on thermally-thin fuels due to constraints on test time or allowable heat release rates (T'ien et al., 2001) . This paper provides a detailed analysis of the results of a series of sounding rocket microgravity combustion experiments of flame spread over thermally-thick PMMA varying very low velocity opposed flow and external radiant heat flux that have previously only been described briefly (Olson et al, 1997; Altenkirch et al., 1999) .
One of the few experiments on thermally thick fuels was performed during a Space Shuttle flight inside a sealed chamber . In this microgravity experiment, a thermally-thick PMMA sample was burned in a quiescent atmosphere of 50% 0, and 50% N, at 1 atm pressure. The analysis showed that as the spreading flame consumed oxygen, the diffusion length increased more rapidly than the rate of flame spread, and the rate of oxygen transport to the flame decreased. The flame slowed and then shrank back in size. After 9 minutes of burning, the flame self-extinguished when it could not release sufficient chemical energy to overcome the ongoing radiative loss.
Other microgravity experiments of flame spread over thermally thick fuels have been conducted in sounding rockets. In the experiments of Tarifa (1999) , they varied the flow rate during each experiment. Ignition took place in a quiescent 40% O,, 1 atm environment, and after ignition there was no apparent flame visible to the imaging systems. However, when the flow was initiated at a velocity of only 0.8 c d s , a flame suddenly appeared on the imaging systems, revealing that there was an "invisible" flame during the quiescent period that become bright enough to see with the imaging camera.
Other sounding rocket experimenters (Vietoris et al, 2000) burned PMMA in 40% 0, while step changing the flow velocities from 15 c d s to 10 c d s to 5 c d s flow within one test.
While flame spread was observed at the higher flow rates, the flame stopped spreading at 5 c d s and continued to burn in depth for the rest of the test. Conclusions were that the reductions in net heat flux to the surface reductions with flow caused the flame to slow and eventually stop.
The objectives of the sounding rocket experiment reported herein (a.k.a. DARTFire -"Diffusive and Radiative Transport in Fires", shown launching in Fig. 1 and schematically in Fig. 2) are to quantitatively determine the effect of low velocity flow, oxidizer concentration, and external radiant heat flux on flame spread over thermally-thick samples. The low velocity flow variable is important because thin fuel work showed (Olson et al., 1988 ) that even very weak ventilation has a dramatic effect on material flammability and flame spread rate. Oxygen concentration also significantly affects flame spread and flammability. Microgravity flames are weak due to diminished oxygen flow (compared to flames on Earth), and thus more sensitive to heat loss.
implemented in this experiment for the first time in microgravity.
A variable external radiant flux, envisioned to allow the net heat loss to be varied, is
ExDeriment
Two mirror image flow tunnels provide 1-10 cm/s flow through each 10 cm x 10 cm cross section x 15 cm long tunnel. Black PMMA samples, 20 mm long x 20 mm thick x 6.35 mm wide, are mounted in the floor of the duct 4 cm from the inlet flow straighteners and insulated from the aluminum floor using -0.7 rnm thick fiberfrax insulation, as shown in Fig. 3 , which shows a burned sample with instrumentation and igniter wires. The bulk flow speed is controlled by setting the pressure upstream of a critical flow orifice. The gases flow through the test section, and the velocity profile across the duct was measured with a hot wire at 5, 10, 15 and I * 20 c d s to verify uniform smooth flow. Pressure in the duct was maintained at 1 atmosphere. The exhaust gas was vented to the vacuum of space through two opposing jets at the center of gravity of the rocket.
A near-infrared laser diode (812 nm) and associated custom lenses are mounted in the ceiling of one of the two ducts to provide a uniform external radiant flux of up to 2 W/cm2 onto the sample surface. The irradiation over the sample is uniform to within 5%. The oval beam covered the entire sample surface and some adjacent sample holder. The controlled external radiant flux allows the surface energy balance to be adjusted to compensate for radiant loss from the surface and gaseous species. The walls of the tunnels have windows for ultraviolet-visible and infrared imaging of the flame. The diode wavelength was selected so that it did not interfere with these imaging devices.
black PMMA sample; rather it is assumed to be absorbed only at the surface. To estimate the The laser diode flux is assumed not to penetrate in-depth for the absorptivity of the sample, the spot radiometer (described below) data were compared with the surface thermocouple data from flight 4A, which had 1 W/cm2 flux only (no ignition). The absorptivity was calculated to be 0.8 using Kirchoff's law.
Other diagnostics include a surface-viewing spot radiometer (spectral wavelength range of 8-14 pm, well outside the laser diode wavelength) which has a 6 mm diameter field of view that images an area on the surface. The radiometer was calibrated with a black body, and provides effective black body temperatures of the imaged area. A total of 3 gas-phase type R 0.025 mm diameter and 5 solid-phase type K 0.076 mm diameter thermocouples record flame temperatures (uncorrected, corrections estimated to be e 50K), near-surface pyrolysis temperatures, and in-depth temperatures from each sample during the experiment.
An intensified array video camera with a resolution of O. 1 mm and 5 frames per second is used to image the chemiluminescence of OH* radical species in the flame from an edge view.
This type of camera has increased low-light sensitivity over film (for equal exposure time) and therefore can enable direct visualization of selected radical species by incorporating appropriate filters. The chemiluminescence of OH* in the reaction zone is imaged through 20 nm bandwidth OH* filters centered at 3 10 nm. The camera utilizes peak mode to avoid saturation of the bright flames against the dark background, and optimizes exposure time for each image independently.
Two experiments are conducted simultaneously during the -6 minute microgravity experiment. The automatic sequencing starts the flow, and once the flow is established throughout the flow system, the two igniters ignite the samples simultaneously. In one of the two ducts, the laser diode irradiation starts at the same time as the igniter. The igniters turn off after 5 s, and the laser turns off at a prescribed time (depending on test conditions) and then on again at a later time in order to evaluate the effect of a heat flux change on flame spread.
Experimental Results
The sounding rocket test matrix is shown in Table 1 . The matrix is built around the base case 1B of 1 cm/s flow at 50% 0, with no external radiative flux. During Test lA, the sample ignited, but the flame extinguished when the igniter was turned off. During test 4A the sample failed to ignite. Spread rates for each test are given in the last column, as discussed below.
An OH* radical chemiluminescent image is as shown in Figure 4 . The dark notches in the flame are shadows of thermocouple posts. There were 3 posts, at 7 mm, 10 mm, and 15mm.
Flame spread rates were measured using the OH* filtered images, which provided the most sensitive measure of the location of the chemiluminescent reaction zone not obscured by soot radiation. Some vapor jetting was observed later in the burns due to bubble rupture at the surface of the PMMA. Small bubbles can be seen marring the surface of the burned sample in Fig. 3 . The luminous vapor jet typically only lasted -0.2 seconds.
Flow Effects on Spread rates
Unlike the quiescent experiment , steady flame spread rates were observed at all three opposed flow velocities tested at 50% 0,, as shown in Figure 5 .
While the 1 c d s test shows small changes in spread rate around the mean, it is considered steady with the regression R2=0.996. The other regressions were R2= 0.998, only slightly better. The flame propagates the full length of the sample, unlike the quiescent case which did not in at least one instance with a longer sample, but did in two with shorter samples. All quiescent cases showed decelerating spread with time, whereas with flow the spread is very linear. Flame spread rates show a power-law dependence on flow (solid lines), where the approximate exponent on the flow is 0.5 for the 50% 0, data, whereas the thermal theory of flame spread over thick fuels (de Ris, 1969 ) predicts a linear dependence on flow. The square root dependence may be related to the velocity gradient in the boundary layer (Wichman, 1983) .
It is interesting that this power-law dependence holds down to the 1 c d s imposed flow studied in these tests. The unsteady, two-dimensional numerical model calculations (Deering, 1998) agree with the experimental data at higher flow rates, but predict a more rapid decline in I -Ispread rate than the power-law at velocities smaller than 5 c d s (dashed line). Under quiescent microgravity conditions, a similar sample extinguished after 9 minutes without full flame propagation . Thus flame viability and spread over thermally-thick fuels is sensitive to very low velocity flows, as was found to be the case for thermally-thin fuels (Olson et al, 1988) , and plastic rods (Ivanov et al., 1999) .
Flow Effects on Flame TemDeratures
Measured flame temperatures 1 mm above the fuel surface generally increased with increasing flow, as shown in Figure 7 . There is only a slight change in peak temperature between One interesting aspect of Figure 7 is that once the leading edge of the flame is past, the temperatures all plateau out to the same temperature beneath the flame. Thus the flow appears to influence primarily the leading edge region of the flame while the trailing diffusion flame is less affected. Because of the higher temperatures at the leading edge at the higher flow rates, the heat flux at the leading edge increases with increasing flow, resulting in increasing flame spread as shown in Figure 6 above.
External Radiant Flux Effects on Spread Rate
The near-infrared laser diode had unanticipated effects on flame spread, as shown in Figure 8 , in which position of the flame versus time for each of the three flux cases studied is shown. The range of laser flux levels was selected in this experiment to offset the estimated surface radiative loss at 1 W/cm2, and offset the estimated surface plus flame radiative loss in the 2W/cm2 case. The flow selected to study laser effects was 1 c d s , clearly in the diffusive transport flow range (Olson et al., 1988) .
As listed in Table 1 , there was little change in spread rate from the no flux case to the 1 W/cm2 flux case, until the laser was deactivated. At deactivation, the flame slowed to well below the no flux case, which indicates that the flame was weakened considerably by the sudden removal of the imposed heat flux. Only at 2W/cm2 did the laser actually enhance the flame spread rate. At that flux level, the spread rate was enhanced while the laser was activated, and transitioned to the base case no-flux spread rate when the laser was deactivated. The primary visible effect of the laser is a change in flame standoff distance, as shown in Figure 10 . Standoff distance was measured by taking the minimum distance between the leading edge of the flame and the initial surface location using the OH* images.
-
For the no flux case (Fig. loa) , the flame standoff reaches a steady value of about 0.6 mm. It takes 40 seconds to reach this value, but then it is steady within the error of the measurement (k 0.1 mm) for the rest of the spread. For the 1 W/cm2 case ( Fig. lob) , the flame standoff distance is just under 0.9 mm during irradiation, a 50% increase in flame standoff distance. The flame surprisingly moves out to about 1.05 mm after the laser shuts off. It stays there for about 20 seconds before beginning to move back in. The standoff distance approaches the 0.6 mm of the no flux case when the laser turns back on. The flame moves out again after a lag of about 10 seconds. The lag in response attributed to the inertia of the solid phase, as will be shown with the radiometer data.
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For the 2 W/cm2 case (Fig. lOc) , the flame standoff distance also varied with flux. The flame standoff distance rises rapidly to about 0.95 mm (only slightly farther out than the 1 W/cm2 case), during the laser on. When the laser shuts off, the standoff distance falls back down to 0.6 mm and stabilizes there while the laser is off. Spread is over before the laser activates again, but when the laser turns on again, standoff distance rises back up.
The flame standoff distance is directly proportional to the conductive heat feadback from the flame to the surface. The flame responds to the laser by adjusting the standoff distance, which reduces or even eliminates the heat flux gain by the laser. Thus the effect of an external heat flux on these flames is not a straightforward augmentation.
External Radiant Flux Effects on Flame TemDeratures
The measured gas-phase temperatures at 1 mm above the fuel surface during flame passage for different radiant flux levels are shown in Figure 1 and for an extended time after the flux is deactivated (off). This indicates that the effect of the laser persists long after the laser is deactivated.
with solid-phase timescales, which indicate, not-unexpectedly, that preheating the fuel enhances flame spread.
Radiant Heat Flux Effects on Radiant Loss
The timescales for this effect are consistent
The laser flux only slightly affects the effective black body fuel surface temperature read by the radiometers, as shown in Figure 12 . The radiometer is filtered to transmit only 8-14 ym, while the laser is at 8 10 nm -well outside the radiometer band, so changes in signal are not due to direct reflection of the laser diode. The temperature drops very gradually when the laser is turned off, which is indicative of the slow coupled gas-solid phase response to the change. The temperature rises quickly when the laser is re-activated, but decays again gradually as the flame increases its standoff distance. Only the 2 W/cm2 case has a fairly constant temperature beneath the flame. The change in black body temperature is quite small -less than 0.1 W/cm2, as is shown in the inset to Fig. 12 , so surface heat loss per unit area beneath the flame can be considered to be approximately constant. Very late in the test, the differences in loss are directly attributable to changes in flame length (where the flame no longer covers the radiometer), as discussed in the next section.
Flame Length Variations with Flow and Flux
Flame lengths were measured using the OH* filtered intensified images. The positions of the leading edge (shown previously to determine spread rates) and trailing edge
were measured as a function of time, and the difference is plotted below as flame length as a function of time.
As shown in Figure 13 , the faster flame spread at higher opposed flow results in a more The flame length for the flux tests is shown in Figure 14 . Early in the tests, the flame growth is driven by the flame spread rate. When the laser turns off, the ff ames slow their growth rates and then increase them again when the laser turns on as was reflected earlier in the flame spread rates. The effect of imposed flux on flame length is most obvious after maximum flame spread. The laser allows the flame to shrink less rapidly than the no flux case because it is providing heat flux to the surface that helps offset the increasing side-wall losses to the holder.
Mass Loss. Repression. and Burninp Rate Trends
Mass loss was measured by weighing the sample before and after the flight, with the data given in Table 2 . The sample was also inspected after the flight to determine the regression profile for each test. The centerline regression profiles are plotted in Figures 15 and 16 as a function of flow and flux. The dimple at -10 mm is due to a large sub-surface thermocouple.
The centerline had the most significant regression, with less regression toward the side walls.
As shown in Figure 15 , the higher the opposed flow rate, the deeper the regression depth for the stabilized flame. The leading edge of the stable flame is the anchoring point, so the heat flux in this region is highest and the regression is deepest here. Because standoff distances are less than 1 mm, the fuel regression moves the flame beneath the floor of the test section after approximately one minute of burning beneath the leading edge. In the trailing flame region, the depth shows a similar trend, but the regression depth is much shallower due to the reduced heat flux from the trailing flame.
While the imposed flux did not result in higher regression depths, as shown in Figure 16 , it did result in a broader region of regression, especially in the 2 W/cm2 case, in agreement with the measured longer flame lengths in that case.
Maximum burning rates are estimated in Table 2 from the maximum regression depths, the fuel density, and the total burn time. These estimates, which attempt to capture the local average burning rate at the stabilization point (leading edge) of the flame, are plotted in Figure   17 .
dependence on maximum burning rate with flow is found. The laser, on the other hand, has very little effect on the maximum burning rate. This is due to the flame standoff increase with increasing flux, which reduces the conductive flux from the flame. The maximum burning rate thus does not change significantly with laser flux.
The maximum burning rate is most sensitive to the opposed flow velocity where a linear
The maximum burning rate estimated in this way provides a much better correlation than an average burning rate based on the total mass loss, sample area and total burn time. This is because the flame did not cover the entire sample for the entire time, and heat losses to the walls are significant, so burning rates across the sample surface are not uniform even when flame coverage is complete.
Net Heat Flux Analvsis
To interpret the unexpected flame response to external heat flux, it is important to take into consideration the energy balance at the fuel surface. The net heat flux to the surface during flame spread was estimated for each 1 c d s test using Equation 1, which includes conduction from the flame to the surface, absorbed external radiative flux from the laser diode, and radiative loss from the surface. It does not include radiative feedback from the flame to the surface.
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This net heat flux then goes into heating up and vaporizing the fuel as the flame spreads, as well as being conductively lost to the sample holder and in-depth fuel. The conduction from the gas to the surface is calculated using 1 mm gas phase thermocouple data from Figure 11 and assuming that the gas-phase is elliptic at the leading edge so that dx and dy can be interchanged.
The surface radiative loss is calculated using the radiometer black body temperature data (so ~= l in Eqn (1)). The net heat flux, calculated using Eqn (l), is shown in Table 3 . Estimated data for the laser OFF portion of the two flux tests are also included.
The last two columns of Table 3 compare net heat flux to flame spread rate. These values are plotted in Figure 18 . While the data are sparse due to the limited number of tests, there is a clear trend of increasing spread rate with increasing net heat flux. The flame response to the laser off condition is shown with the arrows, moving from a higher spread rate-net flux condition to a lower set in each case. The 1 W/cm2 case after the laser is turned off approaches the quench limit when it moves slightly further from the surface and decreases its conductive heat transfer as well. The stronger flux flame responded smoothly back to the base no flux condition at the cutoff in laser flux. This indicates that near-limit flames are much more sensitive to sudden changes in surface energy balance, and have a more difficult time adjusting to the changes.
Another way to look at the surface heat flux terms is in ratios. Plotted in the inset to Figure 18 is a ratio of surface radiative loss to the combined gas-phase conductive flux plus external radiant flux. As these relative heat loss becomes greater, the flame spread rate slows down. Eventually, the flame will quench. Additional losses, such as conductive losses to the fuel bed and holder can be comparable to the surface radiative losses (Olson and T'ien, 2000) , so the total relative losses can exceed 80% at extinction.
We can compare the importance of the 3 terms in the net flux equation (1). As shown in Figure 19 , the surface loss is nearly constant, and cancels a portion of the gas-phase conduction.
The laser flux contributes to the net flux, but because the flame responds to the laser by moving away from the surface, the net heat flux is considerably Iess than a simple arithmetic addition of the no flux conduction and the laser flux. Thus the predominant factor in flame spread rate reduction is the reduction in heat flux to the surface (conductive and external radiative flux) (Vietoris et al., 2000, Olson and T'ien, 2000) rather than the heat losses themselves, which remain nearly constant.
Discussion
The importance of three dimensional effects on flame spread should be considered in the comparison of the experiment with the numerical predictions. While the model does incorporate 3D radiation, the model hydrodynamics are two-dimensional. As found for thermally-thin fuels (Me11 and Kashiwagi, 1998) the effect of oxygen side diffusion into the flame zone is equivalent to increasing the flow speed for the 2D case, which makes the flame stronger. Thus it is not surprising that at very low speed flows, on the order of diffusive velocities, that the 2D model under-predicts the flame spread rate for this inherently 3D experiment.
The experiment is inherently three dimensional, as evidenced in the solid phase by the regression history of each sample, and as evidenced in the gas phase by parabolic aircraft experiments conducted to determine the sample size for the flight experiment. Zik (1998) . Because DARTFire was focused on thermally-thick flame spread and not flame front instabilities, we chose the 0.635 cm wide sample for consistency with the previous tests , and to eliminate the non-uniformity in the flame front as it spread.
The non-uniform flame front may be due to near-limit phenomena or Another possible contributing factor to consider to explain the increased spread rates at low velocity flow is residual gravity during the test. Even a very slight body force due to spin or drag on the rocket over those predicted from the model may be sufficient to generate a weak buoyant flow. The recorded residual gravity level during the experiment was less than the accelerometer detection threshhold of 4x104g. As shown in Fig.21 , just prior to a late extinguishment in the first launch , the deceleration upon reentry felt by the flame increased to 7x10" g before discernable effects on the flame were observed. Thus, residual gravity is negligible in these experiments.
One of the more interesting phenomena found in these experiments is the unexpected behavior of flames to low flux levels. "Low" is relative, because 1 W/cm2 is above the minimum flux needed to radiatively ignite black PMMA (Quintiere, 1981) . The DARTFire sample has significantly more heat loss to the surroundings because of its small sample size, and DARTFire test 4A demonstrated that the sample's surface temperature under an imposed flux of 1 W/cm2 reached a plateau at approximately the glass temperature of PMMA (105OC), which is much lower than required for ignition. Because of the large heat losses to the holder, the base case of 1 c d s is fairly close to the extinction limit. A larger sample would have significantly less heat loss per unit area, and would likely respond more like the 2 W/cm2 case -i.e. it would transition more smoothly between conditions. The transition from the irradiated flame to the non-irradiated flame for the 1 W/cm2 case started by the flame weakening significantly, and only gradually recovering toward the nonirradiated base case. This suggests that flames in microgravity, especially in the very low velocity diffusive flow regime, are very sensitive to changes in environment, especially when the change weakens the flame. While the two end states might both be viable independently, the path the transition takes toward the weaker state may not connect the two and instead may lead to extinction. This is a topic of significant interest and additional research would help further elucidate the complex interactions between diffusion and radiation.
Lastly, based on the DARTFire data, we can rank the sensitivity of microgravity flame spread over thermally thick fuels to flow, flux, and oxygen concentration. A tenfold increase in flow results in 125% increase in spread rate, a twofold increase in flux results in 50% increase in spread rate, and a 50% increase in ambient oxygen concentration results in 100% increase in spread rate. Clearly, flame spread rate is most sensitive to oxygen concentration. This suggests that spacecraft should limit the operational oxygen concentrations to as low a value as possible, because any increase dramatically increases the fire hazard of materials. Also, it is unIikely that perfect quiescence is feasible in an inhabited, powered space vehicle where air flows are typically higher than 5 cm/s due to crew motions, ventilation, and cooling systems, so the quiescent extinction condition may not be realized in practice. These all have implications for spacecraft and extraterrestrial fire safety.
Conclusions
The DARTFire sounding rocket experiment series provides a wealth of new information on opposed flow flame spread over thermally-thick solids under differing low velocity opposed flows and external radiant flux levels. The flame spread rate showed a surprising insensitivity to imposed flux levels that roughly compensates for the surface radiative loss (1 W/cm2). The flame standoff distance increased with an imposed flux, and the conductive feedback from the flame was reduced, apparently compensating for the imposed radiative flux. At 2 W/cm2, however, despite an even larger standoff distance, the flame spread rate increased. This non-linear trend with imposed I radiation was not predicted by the detailed numerical models developed by the investigator team. However, estimates of the net heat flux to the surface do correlate with spread rate, which indicates that the net flux (conduction plus imposed radiation minus surface radiative loss) to the surface is what drives the flame spread rate.
Flame length did not remain steady during the tests, and the flames shrank to very small size later in the tests. The trailing edge motion was very sensitive to heat losses, as demonstrated by the longer flames with the added heat flux from the laser diode. While extinction was not observed, the regression of the sample caused the flame to weaken as it sank below the floor of the flow duct, where the effective flow velocity decreased and heat losses to the sample walls increased.
Flame spread rate is more sensitive to oxygen concentration than flow or external radiant flux. This has spacecraft and extraterrestrial fire safety implications; it suggests that spacecraft should limit the operational oxygen concentrations to as low a value as possible, because any increase dramatically increases the fire hazard of materials. Figure 7: Gas-phase temperatures measured during flame passage at 1 mm above the fuel surface at three flow conditions for 50% 0,. There is only a slight change in peak temperature between 1 cm/s and 5 cm/s, but temperatures rise more significantly by 10 cm/s flow. Once the leading edge of the flame is past, the temperatures all plateau out to the same temperature beneath the flame. The inset shows maximum flame temperature as a function of flow compared with theoretical predictions. Table  3 . Inset shows spread rate compared with relative heat loss. 
Figure 20:
The experiment is inherently three dimensional, as evidenced by these sequences of images from parabolic aircraft experiments conducted to determine the sample size for the flight experiment.
a) The first sequence of 4 images is for a 2 cm wide sample with well-insulated edges. The images are taken at 5 second intervals, and show flame spread is clearly enhanced along the edges, whereas the center portion of the flame lags behind.
b) For the second sequence, the DARTFire sample is tested -a 0.635 cm wide sample with a narrow strip of fiberfrax insulation.3. The sample is sufficiently narrow, and heat losses are high so that a bullet-shaped flame front forms. to over 7~1 0 -~g before the near-surface thermocouple shows a rise from its stable level of -500°C.
PCU -.
UVNisible camera x , . I . 
OACS

Heater power
